Partial Discharge (PD) is considered to be one of the main reasons for aging and degradation of the oil/pressboard insulation system in power transformers. Vegetable oils which own excellent dielectric performance are introduced as potential insulation liquids substituting traditional mineral oil. In this paper, an air-gap PD model was adopted to investigate the PD characteristics of refined rapeseed oil and Karamay 25# mineral oil that are both currently employed in liquid filled power transformers. The PD current pulse waveform analysis (PD-CPWA) method was used to investigate PD mechanisms of two different insulation systems: mineral oil/pressboard and vegetable oil/pressboard. For both insulation systems, phase resolved partial discharge (PRPD) patterns throughout the accelerated deterioration experiments were compared. The extracted φ-q-n plots with respect to various PD times were analyzed. It is found that, the air-gap PD stage characteristics of vegetable oil/pressboard are more notable. It has fewer double-peak pulses, smaller inception phase angle, lower charge amplitude, higher repetition rate, and more remarkable 'rabbit-ear' patterns than mineral oil/pressboard. The PD development process of both insulation systems can be characterized by four stages: initial discharge stage, weak developing stage, discharge burst stage and pre-breakdown stage.
INTRODUCTION
Power transformers are one of the most critical pieces of apparatus in electrical power systems. Mineral oil is the most commonly used insulation liquid and coolant in transformers for its good dielectric and thermal properties [1] . However, with increasing concerns over environmental protection and fire safety, non-renewable, poorly biodegradable and low-flashpoint mineral oil is gradually being replaced by vegetable oils in transformers rated up to 420 kV. Based on natural ester oils, vegetable insulation oils are recyclable, have high biodegradability and are fire resistant [2, 3] . Some studies have been carried out to investigate physical, dielectric and thermal characteristics of vegetable oils in recent years [4] [5] [6] [7] [8] [9] [10] . It was found that, refined vegetable oils can satisfy the requirements of dielectric fluid, however, studies on long gap breakdown of vegetable oils need to be carried out urgently for further application in transformers at or over 500 kV, and the design of large power transformers filled with vegetable oils should be carefully considered because of increased viscosity.
Partial discharge (PD) plays a significant role in causing the aging and deterioration of oil/pressboard insulation systems, and may ultimately lead to power transformer failures [11] . Air-gap discharge is one of the most common and serious PD defect types [12, 13] . Air-gaps in solid dielectrics can result from many causes. In the case of transformer oil/pressboard insulation systems, for example, it can be caused by oil immersing into pressboard incompletely or air leaking into the gap between the winding and the pressboard. Although the magnitude of air-gap PD is relatively low, it can do serious harm to the solid insulation (pressboard) that cannot be self-recover [14, 15] . Insulation breakdown in power transformers can cause serious accidents, bring about expensive maintenance or replacement costs and reduce the reliability of power supply. Thus, air-gap PD characteristics and development stages have become the focus of worldwide research. However, although more than 1,000,000 transformers filled with vegetable insulation oils have been installed worldwide in the past decades, the PD characteristics and development process are still not clarified. Few reports on the PD behavior of vegetable oils have been made. It has been reported by Imamovic [16] and Wang [17] that biodegradable oil generates a higher level of dissolved gases than do mineral oil under partial discharge. Pompili [18] investigated PD pulse attributes of natural ester fluid using simultaneous wide and narrow band measurement techniques. Chandrasekar [19] collected PD patterns from thermally aged corn oil and palm oil. Nevertheless, most published studies only concentrated on discharge phenomena related to corona discharges and surface discharges, whilst air-gap PD mechanisms, characteristics of vegetable insulation oils during the whole development process have rarely been discussed.
It is now generally accepted that the PD current pulse waveform analysis (PD-CPWA) can be used to investigate PD mechanisms [20] [21] [22] [23] [24] and phase resolved partial discharge (PRPD) patterns can be used to assess the insulation status [25] [26] [27] [28] [29] . Several modern mathematical analysis methods have also been introduced to process PD signals [30, 31] .
Given all of the above, the main purpose of this paper is to investigate typical air-gap PD mechanisms and characteristics of refined rapeseed oil/pressboard insulation systems during the whole development process from generating PD to breakdown (BD). These characteristics are then compared with those of traditional mineral oil/pressboard insulation system in order to provide a reference for recognizing air-gap PD development stages. The constant voltage pulsating current method is conducted according to the IEC standard 60270 [12] , and the standard cylindrical air-gap PD model recommended by CIGRÉ [13] is adopted. PD current pulse waveforms, PRPD patterns and φ-q-n plots are collated with different PD times.
EXPERIMENTAL DESCRIPTIONS

SAMPLE PREPARATION
Two kinds of transformer insulation fluids were used for the experimental studies, namely, Karamay 25# mineral oil (K125X, produced by China National Petroleum Corporation) and refined rapeseed oil (RDB, patents protected by Chongqing University). K125X, is a commercially used naphthenic oil, mainly consisting of naphthenes (77%), paraffins (11%) and aromatics (10%), while RDB is a natural ester liquid, obtained from raw rapeseed oil using three main procedures (alkaline refinement, vacuum distillation and physical bleaching separately) [7, 32] . The basic properties of the two dielectric fluids are shown in Table 1 .
The liquid specimens and smoothly polished Kraft insulation pressboards (provided by Hunan No.1 Insulation Pressboard Co. Ltd, China) were treated in a vacuum oven at a temperature of 90 °C and pressure of 50 Pa for 48 h to dehydrate and degas. Then, fully dried pressboards were immersed in transformer oils under vacuum condition for a further 48 h. After these procedures, the pressboard samples had been fully impregnated with transformer oils and cooled to ambient temperature. Table 2 shows the basic properties of dried pressboard, vegetable oil impregnated pressboard (VOIP) and mineral oil impregnated pressboard (MOIP).
PD EXPERIMENT SETUP
The PD measurement circuit was designed and PD signals were detected according to the IEC standard 60270 [12] , as depicted in Figure 1 . A discharge-free AC voltage transformer (60 kV / 60 kVA) was utilized to stress samples at 50 Hz. A 5.3 kΩ resistor was added between the transformer and test cell to avoid unexpected damage to electrodes and samples when breakdown occurred. A 1000 pF coupling capacitor facilitated the passage of high-frequency current impulses. A wide-band digital oscilloscope (Lecroy Wavepro 7100, maximum 20 GS/s sampling rate and 2 GHz bandwidth) was used to collect and store PD current pulse waveforms and PRPD patterns. A non-inductive 50 Ω resistor, connected in parallel with the oscilloscope, was added to allow measurement of PD current pluses and protect the oscilloscope from damage. A 50 Hz phase voltage reference was obtained from high voltage divider, which was connected in parallel with the test cell. The air-gap model was manufactured according to CIGRÉ Method II [13] and ASTM-D149-09 [33] . A cylindrical airgap was made by a ring of pressboard (40 mm internal diameter, 1 mm thickness) embedded between two pressboards, both with 80 mm diameter and 1 mm thickness. Insulating glue was employed to seal the air to avoid oil penetration during the PD experiment, and the initial pressure is 1 atm. The pressboards were sandwiched between a pair of plane-plane brass electrodes. The upper plane electrode, with a diameter of 60 mm and a height of 5 mm, was energized by high voltage during the test. The lower electrode, with the same diameter and a height of 10 mm, was grounded. The edges of the electrodes were chamfered to prevent corona discharge. The test model was held in an oil tank, which was placed in a thermal-aging chamber at a predefined temperature of 60 °C during the test. An oil circulating system was designed and the flow velocity was set to 0.8 L/min. The experimental apparatus is the same as the one mentioned in relevant literature [34] .
PD EXPERIMENT PROCEDURE
Prior to tests, the apparent charge was modified using a correction circuit in accordance with to the IEC standard 60270 [12] . The relationship between apparent discharge and pulse voltage was expressed in the terms of following equation. It was also verified that the background noise did not exceed 5 pC up to 60 kV. The first step of the experiment is to determine the PD inception voltage (PDIV). The supply voltage was increased slowly in steps of 0.5 kV/10 s, up to the level at which the magnitude of apparent discharge reached 100 pC (according to IEC 61294) [35] . Each test was repeated 10 times to obtain the mean value of PDIV. It was found that vegetable oil has a slightly lower PDIV than mineral oil, 7.2 kV and 8.1 kV respectively; similar results are shown in [18] . Generally, 120%-140% of PDIV should be chosen as the test voltage to observe more representative PD behavior. To satisfy this condition, the applied voltage was manually ramped to 10 kV at a rate of 500 V/30 min, and then overstressed for 2 h in both insulation systems in order to reach a quasi-static condition and compare PD characteristics.
During the whole PD process, the bandwidth of the digital oscilloscope was set to 1 GHz. The PD current pulses were obtained at a sampling rate of 2 GS/s and PRPD patterns were captured at a sampling rate of 10 MS/s for 500 cycles (10 s) every 30 min. Each point in the PRPD pattern represents one PD pulse.
EXPERIMENTAL RESULTS AND DISCUSSION
Due to the disparate molecular components of mineral oil and vegetable oil, the dielectric and thermal properties of mineral oil/pressboard and vegetable oil/pressboard are diverse. Under continuous AC applied voltage, the two insulation systems will show various PD characteristics in small air-gaps.
The PD current pulse waveform analysis (PD-CPWA) is a commonly accepted method of analyzing PD mechanisms, especially for SF 6 gas. PRPD patterns and φ-q-n plots are widely used to describe the characteristics of PD. In this section, typical current pulse waveforms at various air-gap discharge-times are recorded and PD mechanisms of different oil/pressboard insulation systems are discussed. These data provide a basis for the following explanation of the different PRPD patterns and φ-q-n plots observed. Figure 2 illustrates the definition of PD parameters on a current pulse waveform, such as rise time t r , di/dt ( I/t r ), peak current I and fall time t f . t r is related to electron avalanche formation and streamer propagation during PD extension; di/dt reflects the generation rate of effective electrons, which corresponds to the velocity of PD extension; t f refers to electron drift in the air-gap where PD occurs [21] [22] [23] [24] . Typical measured PD current pulse waveforms at different PD times are shown in Table 3 . It can be seen that, at the beginning of PD, both insulation systems show standard pulse shape and the amplitudes are small. During the fall time, t f , small bulges appear and become more obvious with the variation of PD time due to the increasing number of free electrons provided by the PD pulses.
PD CURRENT PULSE WAVEFORMS
Because of the degradation of oil and pressboard, electronegative gases are released into the air-gap gradually, such as CO, CO 2 and O 2 . These gases can attach free electrons generated by the preceding PD pulse, leading to an increase in time-lag to the next pulse [36] . Therefore, an over-voltage is applied on the sample, causing an increase in current magnitude. Moreover, the second pulse occurs in the middle of the fall time, with a relatively smaller magnitude. The reason is that the first PD pulse provides free electrons, which can act as a trigger to form another electron avalanche under a much lower over-voltage for shorter time-lag. As a result, the double-peak current pulses appear due to the influence of electronegative gases.
As the PD process develops, current pulses of much larger magnitude are detected in both insulation systems. This is due to the continuous deterioration of insulation materials under PD stress and more electrons attached by the increasing concentration of electronegative gases. However, it was verified that the generation rate of double-peak current pulses decreases when the gas pressure attains a high level at a constant applied voltage. This is because highly massive electronegative gases suppress the formation of electron avalanches [21] [22] [23] .
The main components of mineral oil are naphthenes, paraffins, and aromatics, presenting very weak polarity for symmetrical structures, while vegetable oil consists primarily of triglycerides, which are polar molecules due to generally different fatty acid groups. The chemical structures of the main components in the two dielectric liquids are shown in Table 4 . Consequently, the relative permittivity of vegetable oil is closer to that of insulation pressboard and the relative permittivity of VOIP is larger than MOIP, as shown in Table 1 and Table 2 separately. Since the conductivity of air-gap and oil impregnated pressboard is so small under ac stress that it can be ignored, the electric field intensity ratio of air-gap to oil impregnated pressboard can be defined as:
where ε c and ε b represent the relative permittivity of air-gap and oil impregnated pressboard respectively. Because of the influence of the polarity of RDB, the larger relative permittivity of VOIP makes the air-gap withstand a higher electric field intensity. Besides, it is clear to see that vegetable oil contains oxygen element in its chemical structure while mineral oil does not, leading to increased generation of electronegative gases when the dielectric liquid is decomposed under higher electrical stress, especially for O 2 , CO and CO 2 [17] .
In consequence, the two insulation systems show distinctive characteristics. The electron avalanche of subsequent PD pulse in vegetable oil/pressboard insulation system is suppressed by high gas content and, thus, the PD current pulse waveform returns to its original shape. In contrast, more peaks are triggered simultaneously in the typical PD current pulse waveform of mineral oil/pressboard insulation system because of the low gas content and also because amounts of free electrons are generated from the first PD pulse which has extremely high magnitude. Current pulses with more peaks can transfer much more PD charge, which can be calculated by integrating the area under the current-time curve. Therefore, PD charge is accumulated more rapidly in the K125X system and more PD energy is generated compared to RDB, and this does greater harm to the deterioration of insulation pressboards.
In the presence of vast fault gases, subsequent peaks in current are gradually separated, whereas several PD pulses with small magnitude appear at the end of the first PD pulse instead. Similar current pulses lie in vegetable oil/pressboard before BD, which indicate that the small PD pluses play an important role in extending the BD. A similar conclusion was drawn by Okubo for thermal degraded epoxy resin [21] . Although the height of PD current pulse is smaller than the last period, it still can lead to BD for the badly damage of insulation pressboards. Because the development of air-gap PD mainly depends on the actual stress in the air-gap defect and the deterioration of oil impregnated pressboard, higher stress in the air-gap of RDB and faster deterioration of mineral oil impregnated pressboard contribute to the similar time frames of these two systems. Table 5 shows the variation of PD parameters with different PD times, rise time, t r , di/dt and fall time, t f , respectively. In the PD-CPWA, the variation in PD-parameters with time can be used to investigate the long-time PD generation characteristics.
The first free electron must be generated for triggering electron avalanche to form a PD pulse [37] . The rise time, t r , is determined by the movement of electrons from the cathode towards the anode, with a time of flight of the order of nanoseconds. When PD occurs, the electron hits the insulation pressboard with high speed and this breaks apart the chemical bonds in the cellulose surface, leading to the generation of CO and CO 2 . In the mineral oil/pressboard insulation system K125X, t r rises dramatically with more free electrons attached by electronegative gases generated from the deterioration of the pressboard. This suggests that electron avalanche and streamer propagation are more active and the PD extension is longer. PD activity increases after double-peak current pulses appear and more fault gases are generated. Higher gas content has a negative effect on the electron avalanche process; however, t r still remains high because of the low generation rate of gases. The concentration of fault gases is greatly increased at the end of the PD process due to cumulative insulation deterioration, which suppresses electron avalanche and cause t r to decrease to a much lower level [23] . In the vegetable oil/pressboard insulation system RDB, the generation rate of electronegative gases is much higher, leading to shorter duration of the double-peak-pulse phenomenon. As a consequence, t r remains more stable in the range 100-200 ns, whilst the developing tendency of t r is similar to that of K125X.
The development of electron avalanches depends on the electron impact ionization process α and attachment η [24] .
The gradient of effective ionization coefficient α gra can be defined by the formula
where E cr is the critical electric field strength and P is the pressure in the air-gap. di/dt is found to have a positive correlation with α gra of electronegative gases, which reflects the electric field sensitivity of the ionization activity [21] . As shown in Table 5 , RDB exhibits a similar trend to K125X, with a rapid rise in the development of PD and subsequent decrease prior to BD. The value of di/dt is higher generally. For RDB meaning that effective electrons are generated more quickly in the air-gap of vegetable oil/pressboard than mineral oil/pressboard. Furthermore, the change in PD current pulse peak can be attributed to the variation of di/dt, which is related to streamer propagation.
The mechanism of fall time t f can be explained with reference to the physical characteristics of electron drift after the formation of an electron avalanche. Concerning the K125X system, t f remains relatively stable at a lower level at the beginning until the presence of double-peak PD current pulses, which leads to a dramatic rise in the PD duration. When the gas content in the air-gap exceeds a critical value, electronegative gases begin to suppress electron avalanche formation, resulting in a reduction in the number of electrons. Besides, more electrons in the air-gap disappear due to the increase in electronegativity. Therefore, the fall time, t f , shows declining trend. However, the suppression effect on t f can be ignored until the gas content is high enough to separate the subsequent pulses from the first PD current pulse. In the RDB system, t f exhibits a similar variation trend, with slight fluctuation in the range of 3 µs, also because of the high generation rate of electronegative gases.
Therefore, PD-CPWA can be used to investigate air-gap PD mechanisms of insulation oil/pressboard systems and analyze the differences in individual PD current pulses of K125X and RDB. Moreover, the deterioration of insulation systems and the PD development process can be estimated by analyzing PD parameters. Table 6 shows typical PRPD patterns obtained from vegetable oil/pressboard insulation system and mineral oil/pressboard insulation system after various PD times.
PRPD PATTERNS
At the beginning of PD in K125X, the initial discharge signals only occur around the peak of the negative half cycle with small magnitude. With the development of PD, discharge signals are detected in the positive half cycle and grow rapidly. The PD magnitude increases and the phase range expands gradually in the following 20 h, with the phase angle corresponding to the maximum PD amplitudes slowly shifting forward away from 270°. During the period of prebreakdown (Pre-BD), the bulk of the large magnitude PD pulses concentrate in the positive half cycle over a wide phase range, while only small amplitudes are detected in the negative half cycle.
With regard to RDB, the first PD also occurs in the negative half cycle at relatively smaller phase angles, and few small pulses in the positive half cycle appear earlier. The evolution process of the PRPD patterns (increasing magnitude and widening phase range) is similar. However, the inception phase expands more significantly, and the PD pulses can even occur at 0° in the positive half cycle and 180° in the negative half cycle just prior to BD. Therefore, the shift of PD occurrence phase angle need to be well discussed in this section.
As mentioned above, the initial PD signal tends to occur more often at the peak voltage value of the applied sine wave. Similar phenomena in insulation systems have been recorded in previous studies [38, 39] , which shows that the electric field plays a major role in providing enough energy for PD formation. However, even if the critical electric field is exceeded, the first free electron may not immediately trigger an avalanche, since a neutral gas molecule may absorb the electron and becoming a negative ion or the kinetic energy of electron may not be enough to initiate ionization. Hence, a statistical time lag appears before PD [29] . The first electron is mainly generated by cathode emission in the negative half cycle, whilst the initial electron in the positive half cycle comes from volume ionization in the air-gap. In the air-gap that has never experienced PD, negative ions and energetic photons are too scarce to generate effective electrons and the low temperature restricts the process of thermal ionization. In contrast, electron tends to be emitted from the cathode more easily. Thus, the first electron might be generated by cathode emission, such that the first PD pulse often appears in the negative half cycle. This phenomenon is consistent after repeated testing.
After the first PD pulse is generated, the electrons pass through air-gap and hit the pressboard at high velocity. Various characteristics of different oil/pressboard insulation systems are shown at the beginning of PD. It is worth noting that the relative permittivity of vegetable oil-impregnated pressboard is higher than that of mineral oil-impregnated pressboard, which leads to relatively larger amorphous regions and smaller crystal regions under the stress of electric field. In crystal region, molecule chains of cellulose are arranged orderly and compactly, resulting in a low degree of freedom and weak flexibility, under the influence of hydrogen bonds and Van der Waals force. Conversely, in amorphous areas, the molecule chains of cellulose are arranged randomly. This brings about a high degree of freedom and flexibility. When the electrons hit the surface of pressboard with high speed, the molecule chains in crystal region are broken up more easily, leading to much more severe damage than in amorphous area [40] . Therefore, considering the two reasons above, more shallow traps are formed on the surface of vegetable oilimpregnated pressboard, however, the number of deeper traps is growing on the surface of mineral oil-impregnated pressboard under PD, which causes more electrons to be captured. After PD occurs in the air-gap, almost all new electrons, which start the next electron avalanche, come from the electrons which were left on the air-gap wall by the preceding discharge. The electron generation rate basically depends on the surface emission P surf , which is defined by the RichardsonSchottky equation [41] 
where N sc (t) is the number of electrons trapped by the air-gap wall; ψ is the detrapping work function and T is the temperature in air-gap. The average statistical time lag is inversely proportional to the electron generation rate. According to the empirical formula, the average statistical time lag of cylindrical air-gap can be calculated using
In the air-gap of mineral oil/pressboard system, the high-speed electrons tend to be captured by the deeper traps, leading to a high detrapping work function. When the polarity of applied voltage changes to the positive half cycle, the electrons cannot get enough energy to be emitted from the traps to initiate a further electron avalanche. Therefore, few PD signals are detected in the positive half cycle at the beginning of PD. With the development of PD, the amount of electrons increases and the pressboard is gradually degraded. Consequently, some electrons kept in relatively shallower traps are triggered under higher energy to form electron avalanches. This leads to PD signals appearing in the positive half cycle. Even though the generation rate of electrons rises slightly and the PD occurrence phase angle shifts forward, the phenomenon is not obvious. The reason is that, higher velocity of electrons and thermal effect of PD bring about severe damage of pressboard with increasing number of deep traps on the surface, and the detrapping work function is still kept at a high level. During the period of Pre-BD, the PD phase angle shifts remarkably due to the boost of shallow traps [42] .
In the air-gap of vegetable oil/pressboard, when PD occurs, some electrons are kept in shallow traps, and can be emitted easily from the surface of pressboard under relatively lower voltage. Higher N sc (t) and lower ψ result in higher P surf , shorter statistical time lag and smaller PD occurrence phase angle. As a result, some signals can be detected earlier in the positive half cycle and the regular PD pulses occur over the ascending portions, which are near to the peak of the applied sinusoidal voltage. However, due to the low number of electrons, these PD signals are quite weak. With the development of PD, the amount of electrons, which might bring about more shallow traps, is increasing. Furthermore, it is noteworthy that the temperature of the discharging point may exceed 1000 °C [40] , while vegetable oil/pressboard presents higher thermal stability than mineral oil/pressboard [43] . More shallow traps tend to be generated on the surface of vegetable oil/pressboard instead of deep traps with less influence of high temperature. Therefore, the increasing number of shallow traps and detrapping electrons during the PD development process lead to the continuous decrease in PD occurrence phase angle, which shows more notable PD characteristics of RDB than that of K125X. Table 7 shows PD φ-q-n plots obtained from the mineral oil/pressboard insulation system and vegetable oil/pressboard insulation system with the increase in PD times, which Table 7 . φ-q-n Plots of Oil/pressboard During Air-gap PD Process. In the air-gap of mineral oil/pressboard, it can be perceived that the number of PD pulses with high charge magnitude increases significantly, whilst, low charge amplitudes maintain a relatively higher repetition rate. Moreover, the number of PD pulses in the negative half cycle is gradually larger than the number of pulses in the positive half cycle. In comparison, similar developing tendency of PD signals is depicted in vegetable oil/pressboard, however, the charge magnitude is lower and the repetition rate is higher generally, especially at the end of PD. Similar results are observed when testing on other types of vegetable oils under PD faults [18, 19] .
PD Φ-Q-N PLOTS
The difference in charge magnitude of the two insulation systems can be well explained by the double-peak PD current pulse phenomenon mentioned in Section 3.1. The similarity of the two insulation systems is that the charge magnitude in the positive half cycle is generally higher than that in the negative half cycle, which results in the non-symmetry in these figures. This phenomenon is due to the number of charges captured by deep traps on the surface of the lower pressboard is generally larger than that of the upper pressboard. When the polarity of the applied voltage changes to the positive half cycle and an over-voltage is applied, these charges could be released. Thus, the charge magnitudes would be larger and the PD signals reach a relatively higher voltage amplitude, as shown in Table  6 . Moreover, because of the larger number of deep traps on the surface of mineral oil impregnated pressboard, the nonsymmetry of charge magnitude is more obvious in the figures relating to the K125X system.
As for repetition rate in one cycle, n, it can be calculated using (6) where U m is the magnitude of the applied voltage; U c is the critical inception voltage of PD; U r is the residual voltage caused by the preceding PD pulse, which can be defined as
where γ is the ratio of streamer path voltage to critical voltage, depending on gas type and polarity of streamer. In the air-gap of pressboard, this ratio for negative streamers is larger than for positive streamers, being approximate 0.5 and 0.2, respectively, leading to higher residual voltage. Therefore, the repetition ratio of PD pulses in the negative half cycle is larger than in the positive half cycle. With the development of PD, the PD occurrence phase angles shift in RDB more obviously than in K125X, which brings about a lower critical inception voltage and, thus, RDB shows a higher repetition rate than K125X.
The 'rabbit-ear' pattern has been investigated as a typical pattern of air-gap PD [29, 44] . This phenomenon can be described that after a change in polarity of applied voltage, the first PD pulse occurs with high charge magnitude, followed by the subsequent PD pulses with much lower magnitude. Prior studies show that water, oxygen and other electronegative gases play crucial roles in forming such a pattern [20] . Timelag is increased due to the attachment of electrons, leading to the enhancement of over-voltage and higher magnitude, which is the 'ear' part of the 'rabbit-ear' pattern. The subsequent PD pulses, with higher repetition rate and much lower magnitude due to the decrease in time-lag and low over-voltage, form the 'body' part.
As shown in Table 7 , the 'rabbit-ear' patterns are more remarkable in vegetable oil/pressboard insulation system. At the beginning of PD, oxygen and water are consumed as a consequence of oxidative activity, whilst free radical of oxygen, carbon oxides and water generated by radiation and thermal effects of PD are scarce, and hence, the 'rabbitear' pattern is not apparent. It has been pointed out in Section 3.1 that, with the increase in PD time, electronegative gases are generated in the vegetable oil/pressboard insulation system. More importantly, water is released by heating and bombardment during PD degradation and the water absorption characteristics of the vegetable oil influences the water content in the air-gap of vegetable oil/pressboard. Water is more likely to be absorbed by vegetable oil instead of cellulose and triglycerides tend to be decomposed to glycerol and fatty acids in the presence of moisture, leading to the occurrence of esterification reactions between active hydroxyls of cellulose and fatty acids. Long alkyl chains in fatty acids with hydrophobic characteristic are arranged in nearly parallel with cellulose, which leads to a 'water barrier' on the surface of cellulose, avoiding extensive water penetration into the pressboard [6] . Chemical reactions are presented as equations (8) and (9) . In contrast, because of the low polarity of mineral oil, the mutual attraction between water and cellulose is relatively much stronger and, thus, more water tends to be absorbed by the cellulose, leading to further deterioration of the pressboard. Therefore, based on the explanations given above, the water content in the air-gap of the vegetable oil/pressboard is higher than for the mineral oil/pressboard. High contents of water and electronegative gases provide convenience for generating the 'rabbit-ear' patterns, and their 'ears' rise vertically to the phase axis. Moreover, it was investigated that surface conductivity can be inferred as a factor in the formation of 'rabbit-ear' patterns [28] , while vegetable oil shows higher conductivity, leading to more evidence of this phenomenon. Consequently, more remarkable 'rabbit-ear' patterns reflect more striking PD characteristic of RDB than that of K125X. To conclude, the differences in the thermal, electrical and chemical properties of the two insulation systems determine the patterns. High magnitude of charges and severe damage of pressboard causing by high temperature and high-energy electrons indicate the end of mineral oil/pressboard insulation life, whilst high repetition of PD pulse plays a critical role in causing BD of vegetable oil/pressboard insulation system.
CONCLUSION
In this paper, laboratory experiments on a vegetable oil/pressboard insulation system (RDB) and a mineral oil/pressboard insulation system (K125X) under air-gap PD were carried out to investigate PD characteristics. The PD-CPWA method was used to investigate diverse PD mechanisms, while the PRPD patterns and the φ-q-n plots depict significant differences in phase angles, charge magnitude and repetition rate. More obvious decrease of PD occurrence phase angle and more remarkable 'rabbit-ear' patterns during the PD development process indicate that the air-gap PD characteristics of RDB are more notable than K125X, which offers great help to recognize PD development process in this system. Comparative conclusions of PD characteristics can be summarized in four different stages:
(1) During the initial discharge stage, both insulation systems show similar shape of PD current pulses, charge magnitude and repetition rate. Slight differences are that the RDB is characterized by smaller inception discharge phase angle and PD pulses in positive half cycle are detected earlier, due to the influence of the more polar character vegetable oils. (2) In the weak developing stage, double-peak PD current pulses appear and the charge magnitude increases in both insulation systems. However, care should be taken for the shift of PD occurrence phase angle in RDB, which is much more remarkable, due to more shallow traps and higher generation rate of effective electrons. (3) In the discharge burst stage, the magnitude of the PD pulses of two insulation systems shows a dramatic increase. However, special attention should be paid to the shape of the PD current pulses. More peaks are triggered in K125X owing to much lower gas pressure and fewer electronegative gases in the air-gap, leading to the boost of space charges. Moreover, the 'rabbit-ear' patterns are more apparent in RDB, and the main reason is that chemical reactions between vegetable oil and cellulose bring about higher water content in the air-gap. (4) In the pre-breakdown stage, the first PD current pulse, which occurs in the air-gap, is followed by small PD current pulses in both systems, which can be reckoned as a signal of the final BD of the whole system. Furthermore, K125X presents higher charge magnitude, whilst the distinctive feature of RDB is higher repetition rate.
